Rationale: It is unknown whether lactate monitoring aimed to decrease levels during initial treatment in critically ill patients improves outcome. Objectives: To assess the effect of lactate monitoring and resuscitation directed at decreasing lactate levels in intensive care unit (ICU) patients admitted with a lactate level of greater than or equal to 3.0 mEq/L. Methods: Patients were randomly allocated to two groups. In the lactate group, treatment was guided by lactate levels with the objective to decrease lactate by 20% or more per 2 hours for the initial 8 hours of ICU stay. In the control group, the treatment team had no knowledge of lactate levels (except for the admission value) during this period. The primary outcome measure was hospital mortality.
Increased blood lactate levels have been associated with significant morbidity and mortality ever since their first description in 1843 by Scherer (1) . Many studies have emphasized the prognostic importance of either a single lactate level (2) or limited lactate reduction during treatment (3) (4) (5) . Interestingly, the prognostic value of lactate levels seems to be independent from the underlying critical illness (6) or the presence of shock or organ failure (7) .
Despite this strong and already long-lasting predictive power of lactate levels, little evidence exists on what interventions would benefit patients with increased lactate levels or a failure to reduce lactate (8) . Earlier studies have shown that improving lactate metabolism by the administration of dichloroacetate decreases lactate levels but does not result in improved outcome in critically ill patients (9, 10) . This could indicate that the detrimental outcome associated with increased lactate levels or delayed reduction is more likely related to the underlying cause than to the hyperlactatemia itself.
Both experimental (11) and clinical studies (12, 13) have emphasized tissue hypoxia, characterized by supply-dependent oxygen consumption, as a cause of increased lactate levels. These findings would support therapy aimed at improving the balance between the demand for oxygen by the tissues and the delivery of oxygen to the tissues, by increasing oxygen delivery and/or decreasing oxygen demand, in patients with increased lactate levels or a failure to reduce lactate. However, as other processes, not related to anaerobic metabolism, can also result in increased blood lactate levels (14, 15) , the efficacy of the latter approach could be limited. In the literature, the efficacy of
AT A GLANCE COMMENTARY Scientific Knowledge on the Subject
Increased blood lactate levels have been associated with significant morbidity and mortality. Nevertheless, it is unknown whether monitoring of lactate aimed to decrease levels during initial treatment in critically ill patients improves outcome.
What This Study Adds to the Field
In patients with hyperlactatemia on ICU admission, lactate monitoring followed by targeted treatment significantly reduced ICU length of stay. In addition, ICU and hospital mortality were reduced when adjusting for predefined risk factors. This study suggests that initial treatment aimed at reducing lactate levels has clinical benefit.
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therapy aimed at decreasing lactate levels is only indirectly supported by observational studies (16) (17) (18) and studies evaluating goal-directed therapy aimed at optimizing oxygen delivery (19, 20) . The landmark study in the latter respect by Rivers and colleagues showed that early goal-directed therapy, aimed at improving hemodynamics and oxygen delivery improved outcome in patients with severe sepsis and increased lactate levels (19) . Only one randomized controlled single-center study has specifically studied the effects of a resuscitation strategy aimed at normalizing lactate levels (21) . Although this study showed a decrease in morbidity associated with this therapeutic approach, the findings cannot easily be extrapolated to the general intensive care population, as only postcardiac surgery patients were included.
Therefore, the primary objective of this multicenter study was to test whether patients with elevated lactate levels (> 3.0 mEq/L) on intensive care unit (ICU) admission would benefit from serial lactate monitoring, aimed to reduce these levels by 20% per 2 hours, when compared with patients in whom serial lactate monitoring was not available. Secondary objectives were the effects of lactate monitoring on the development of organ failure; the duration of mechanical ventilation; the use of inotropes, vasopressors, and renal replacement therapy; and the length of ICU stay.
Some of the results of this study have been previously reported in the form of an abstract (22) .
METHODS

Study Population
Patients were recruited from four Dutch mixed ICUs (one university hospital and three university-affiliated hospitals) between February 2006 and March 2008. All consecutive patients with a blood lactate level at or above 3.0 mEq/L on ICU admission were eligible for inclusion. We excluded patients with liver failure (prothrombin time . 15 s or international normalized ratio equal to or greater than 1.5 and any hepatic encephalopathy [23] ), after liver surgery, age less than 18 years, a contraindication for central venous catheterization, epileptic seizures (grand mal, shortly before or during admission), an evident aerobic cause of hyperlactatemia (at the discretion of the treating physician), or a do-not-resuscitate status.
Study Design
This was a multicenter, open-label randomized controlled study, conducted under supervision of an independent Data Safety Monitoring Board (DSMB). The ethics committees of all participating centers approved the study protocol. Because of the emergency nature and severity of disease in the target population, patients were enrolled under deferred consent: study procedures were temporarily allowed Figure 1 . (A) Treatment algorithm, control group and lactate group. The goal for central venous pressure (CVP) was 12 to 15 mm Hg in mechanically ventilated patients. Besides the static CVP goals, CVP was used as a dynamic safety limit during fluid challenges (27) . Both crystalloids and colloids could be used at the discretion of the clinician. Albumin was not a standard resuscitation fluid in the participating centers. The goal for hemoglobin was 10 g/dl in patients with cardiac ischemia. (Hemoglobin [Hb] 7.0 g/dl 5 4.3 mmol/L, 10 g/dl 5 6.2 mmol/L). (B) Additional treatment algorithm, lactate group. If the lactate level became less than or equal to 2.0 mEq/L, a further decrease was no longer required. Fluid responsiveness was assessed by a fluid challenge of 200 ml crystalloids or colloids. The goal was an increase in blood pressure, Scv O 2 , or stroke volume, or a decrease in heart rate. CVP was used as a dynamic safety limit (27) : if CVP increased less than or equal to 2 mm Hg, fluid administration was continued; if CVP increased more than 2 and less than or equal to 5 mm Hg, the fluid challenge was repeated after waiting for 10 minutes; if CVP increased greater than or equal to 5 mm Hg, fluid administration was stopped. Before administration of vasodilators, fluid responsiveness was assessed and fluids were infused if necessary. The recommended dose for nitroglycerin was 2 mg in 1/2 hour followed by 2 mg per hour. without consent and, as soon as possible, written consent from the patient or legal representative was obtained. The Dutch central committee on research involving human subjects approved the use of all data if the research procedures were finished or if the patient had died before consent could be obtained (24) .
The start of the study was defined as the time of the first available lactate level immediately after ICU admission. For the next 8 hours (treatment period), patients were randomly allocated to either treatment aimed to decrease lactate levels by at least 20% per 2 hours or to standard therapy, wherein the treatment team was blinded for the results of lactate level measurements (except for the admission value). Thereafter, patients were followed up until discharge from the hospital or death, whichever came first (observation period). The randomization, using a block size of eight, was stratified according to participating center and the presence or absence of sepsis as defined by standard criteria (25) . Randomization was done with the use of opaque, sealed envelopes. The statistician of the DSMB generated the random allocation sequence with the use of a computer program. Physicians enrolled the patients and opened the envelope with the lowest available registration number within the appropriate stratum. By immediately filling out name and date on the randomization form the connection between the patient and the outcome of the randomization was safeguarded. Physicians were unaware of the randomization block size.
Treatment assignment was not recorded in the medical chart or electronic patient data monitoring system and clinicians on general wards, who cared for the patients after ICU discharge, were not aware of the treatment assignment.
Treatment
Patients were treated according to their randomization group by qualified intensivists available 7 3 24 hours in a closed-format setting. In both groups the treating clinicians, and not the (principle) investigator(s), were primarily responsible for the treatment of the included patients. Duration of the 8-hour treatment period was based on the study of Polonen and colleagues (21) . Thereafter, both groups received standard treatment, during which lactate levels could be obtained in all patients at the discretion of the treating physician.
In the control group, hemodynamic support was aimed at standard resuscitation endpoints, adapted from recently published guidelines (26) (Figure 1A ): heart rate less than 100 beats/min, mean arterial pressure (MAP) at or above 60 mm Hg, central venous pressure (CVP) 8-12 mm Hg (12-15 in mechanically ventilated patients) with the use of CVP as a dynamic safety limit during fluid challenges (27) , urinary output more than 0.5 ml/kg/h, arterial oxygen saturation (Sa O 2 ) at or above 92%, and hemoglobin level at or above 7.0 g/dl (>10.0 g/dl in case of cardiac ischemia) (28) . The use of central venous oxygen saturation (Scv O 2 ) and clinical assessment of peripheral perfusion (e.g., by touching the skin or measuring capillary refill time [29] ) was allowed at the discretion of the attending clinician. Most important, in the control group lactate levels were not available for the treatment team and patient during the treatment period.
In the lactate group, blood lactate levels were measured every 2 hours. The therapeutic endpoints were identical to those in the control group ( Figure 1A) . However, in addition, the therapeutic interventions had to result in a decrease in the lactate level of at least 20% every 2 hours (cut-off level based on findings of two studies [3, 30] ). This endpoint was to be achieved by a resuscitation strategy as outlined in Figure 1B . Scv O 2 was measured continuously with a fiberoptic probe (CeVOX; Pulsion Medical Systems AG, Munich, Germany), which was inserted through a lumen of the central venous catheter. The central venous oxygenation parameter was used to balance oxygen delivery with demand as suggested by Pinsky and Vincent (31) . This probe was removed at the end of the treatment period. When Scv O 2 was at or above 70%, but lactate levels did not decrease by at least 20% during a 2-hour time interval, vasodilator therapy was started with the goal to improve microvascular perfusion (32) (Figure 1B ). Before the start of a vasodilator, fluid responsiveness was assessed and fluids were administered when needed.
Data Collection
Biochemical and clinical variables required for calculation of Acute Physiology and Chronic Health Evaluation (APACHE) II and Sequential Organ Failure Assessment (SOFA) scores were collected at 0, 8, 24, 48, and 72 hours after the start of the study. APACHE II and SOFA scores were calculated in a way to record baseline information and to assess outcome after an 8-hour intervention (19) . Blood lactate levels, CVP, heart rate, MAP, and urine output were recorded at 0, 2, 4, 6, 8, 24, 48, and 72 hours. Scv O 2 levels were only recorded during the treatment period. Lactate levels were measured in arterial blood (but capillary or venous blood was also allowed) using the hospital's central laboratory, a blood gas analyzer (ABL 700; Radiometer, Copenhagen, Denmark), or a hand-held lactate analyzer (Accutrend; Roche Diagnostics, Mannheim, Germany) (33) . In the lactate group, lactate levels were measured on site to facilitate immediate lactate-guided treatment. In the control group, blood samples for lactate measurements were sent to the laboratory where they were coded and measured but not reported to the treatment team and not recorded in the patient records. All samples were transported and analyzed immediately to prevent erroneous lactate elevation by in vitro glycolysis. The use of fluids, inotropes, vasopressors, vasodilators, and blood products was recorded every 2 hours during the treatment period and subsequently from 9 to 24, 25 to 48, and 49 to 72 hours. The use of additional therapy and therapeutic interventions (e.g., antibiotics, corticosteroids, surgery) was recorded from 0 to 8, 9 to 24, 25 to 48, and 49 to 72 hours. When patients were discharged before 72 hours, vital signs, laboratory values, and administered therapy were no longer recorded. The duration of mechanical ventilation (invasive and noninvasive), renal replacement therapy (all techniques), and vasopressor and inotrope use were registered until 28 days after start of the study. Survival was captured until hospital discharge.
All sites were monitored for data quality by a team consisting of the principal investigator (T.C.J.) and three research nurses (W.M., W.intV., C.B.).
Statistical Analysis
In-hospital mortality was the primary endpoint. Secondary predefined endpoints were ICU and 28-day mortality, resuscitation endpoints, administered treatment, APACHE II and SOFA scores, duration of mechanical ventilation, use of renal replacement therapy, use of vasopressors and inotropes, and length of ICU stay.
Based on a retrospective observational pilot study (n 5 931, unpublished data) that we performed before this study, we estimated an in-hospital mortality rate for the control group of 42%. To detect a 15% absolute reduction in hospital mortality, similar to the study by Rivers and colleagues (19) , with a two-sided a of 0.05, a power of 80%, and to allow for a 20-patient dropout, we calculated that a sample size of 350 patients was required.
An interim analysis was performed by the DSMB after the enrollment of 175 patients. Based on an a-spending function halfway between the O'Brien and Fleming and the Pocock boundary shapes, the a used in the interim analysis was set at 0.013, resulting in an a of 0.043 to be used at the end of the study. Based on the results of the interim analysis, the DSMB recommended the continuation of the study, as the predefined criteria for superiority or futility were not met.
The results were analyzed according to an intention-to-treat principle. Differences in hospital mortality and in ICU mortality were tested using the log-rank and chi-square test. Day 28 mortality was estimated by the Kaplan-Meier method. Differences in mortality rates were also tested using multivariate Cox proportional hazards analysis, stratified by center and presence or absence of sepsis. Adjustments were made for the following predefined covariables: age, sex, baseline APACHE II score, and baseline SOFA score. Mixed models were estimated to quantify differences in vital signs, laboratory variables, and APACHE II and SOFA scores during the treatment period, at 8 hours after start of the study, and during the observation period. The effect on time to ICU discharge, time to weaning from mechanical ventilation, time to cessation of vasopressors and inotropes, and dura- tion of renal replacement therapy was assessed by cumulative hazard estimates and adjusted Cox proportional hazard analysis, censoring for early deaths (34) . Because of possible heterogeneity between septic and nonseptic hyperlactatemia and its subsequent treatment, prespecified subgroup analyses were performed in these two groups of patients and in further subsets of severe sepsis, septic shock, neurologic, cardiac arrest, and other nonsepsis patients.
RESULTS
Patient enrollment is shown in Figure E1 of the online supplement. The intention-to-treat population consisted of 348 patients; 177 patients were randomized to the control group and 171 to the lactate group. In 18 patients a major protocol violation occurred (Table E1 ). These patients remained in the intention-to-treat population. Table 1 shows the baseline characteristics of the patients in the intention-to-treat population. Sixteen patients died during the 8-hour treatment period (10 control patients vs. 6 patients in the lactate group). From 8 to 72 hours after study entry another 52 patients died (27 control patients vs. 25 patients in the lactate group) and 79 patients were discharged from the ICU to the ward (38 control patients vs. 41 patients in the lactate group). At 72 hours after study entry, 201 patients were still admitted to the ICU (102 control patients and 99 patients in the lactate group).
Therapeutic Endpoints
The proportion of patients who reached the conventional resuscitation goals that were applicable to both randomization groups was equal in both groups at any time point (except for heart rate at 6 h, which was more often met in the control group) (Table E2 ). However, despite that the goal of a decrease in lactate level of 20% or more per 2 hours was only used in the lactate group, this goal was also equally met in both randomization groups.
During the treatment period and the subsequent observation period, mean values of lactate were similar (Table 2) . pH, base excess, bicarbonate, MAP, heart rate, CVP, and hemoglobin were similar in both groups as well (Table E3) .
Administered Therapy
During the treatment period, patients in the lactate group received significantly more fluids than control group patients (Table 3 ). In addition, more patients in the lactate group received vasodilator therapy ( Table 3, Table E4 ). Patients in both groups received similar quantities of red blood cell transfusion. Similar proportions of patients in both groups required the use of vasopressors and inotropes.
Similar proportions of patients in the control and lactate group received mechanical ventilation (86% vs. 84%, P 5 0.76, including 2% vs. 2% noninvasive ventilation), antibiotics (67% vs. 61%, P 5 0.27), corticosteroids (45% vs. 40%, P 5 0.38), additional surgery after ICU admission (9 vs. 6%, P 5 0.36), analgesics (fentanyl or morphine; 58% vs. 50%, P 5 0.13), sedatives (midazolam, lorazepam, or propofol; 71% vs. 71%, † Cox proportional hazard analysis with adjustment for age, sex, APACHE II score (modified; at baseline) and SOFA score (modified; at baseline), and stratified for center and sepsis group, as predefined in the study protocol. P 5 0.91), therapeutic hypothermia (10% vs. 6%, P 5 0.20), and a percutaneous coronary intervention (1% vs. 1%, P 5 0.96).
During the observation period, more patients assigned to the lactate group received vasodilators when compared with the control group (Table 3) . During the observation period a trend toward less use of fluids was observed in the lactate group when compared with control group.
Mortality
In the control group 43.5% (77/177) of the patients did not survive to hospital discharge, whereas in the lactate group 33.9% (58/171) died during their hospital stay (P 5 0.067, Table 4 , Figure 2 ). When adjusted for the predefined risk factors at baseline, the treatment protocol to decrease lactate levels resulted in a significant reduction in the risk of hospital death (hazard ratio [HR], 0.61; confidence interval [CI], 0.43-0.87; Table 4, Table E5 ).
Organ Failure, Inotropes, Vasopressors, Renal Replacement Therapy, and Length of Stay
Patients assigned to the lactate group had reduced organ failure (SOFA score) in the observation period (Table 5 ). Patients in the lactate group were faster weaned from mechanical ventilation (HR, 0.72; 95% CI, 0.54-0.98; Figure 3A ) and inotropes (HR, 0.65; 95% CI, 0.42-1.00; Figure 3B ) than patients in the control group. More importantly, patients in the lactate group could be discharged from the ICU earlier (HR, 0.65; 95% CI, 0.50-0.85; Figure 4 ).
There were no significant differences in the time to stop vasopressors (HR, 0.84; 95% CI, 0.61-1.15; Figure 3C ) or renal replacement therapy (HR, 0.56; 95% CI, 0.22-1.43; Figure 3D ) between both groups.
Subgroup and Exploratory Analyses
Prespecified and post hoc specified subgroup analyses are shown in Figure 5 . In addition, two post hoc exploratory analyses were performed to investigate the difference in statistical significance between the unadjusted and the adjusted primary outcome. First, when adding interaction terms for age and APACHE II score to the predefined multivariable model for hospital mortality, effect modification could not be demonstrated (age 3 randomization group [P 5 0.74] and APACHE II score 3 randomization group [P 5 0.85]). Second, when excluding six patients with missing data on covariates (APACHE II and SOFA scores at 0 h), effect size and P value remained similar (data not shown).
DISCUSSION
In this multicenter, open-label randomized controlled study, lactate monitoring during the first 8 hours of ICU admission, aimed at reducing lactate levels by at least 20% per 2 hours, significantly reduced ICU length of stay and also ICU and hospital mortality when adjusting for predefined and commonly accepted risk factors.
There was a discrepancy in statistical significance between the adjusted and unadjusted analysis of the study's primary outcome measure. This could not be explained by different data sets being used due to missing data or by a heterogeneous effect of the randomization therapy in some end of the spectrum of age or APACHE II score. Instead, this difference might prob- ably be explained by a clearer estimation of the actual effect when adjusting for risk factors that are well-known predictors of mortality: such predefined covariate adjustment makes treatment effect estimation more individualized and reduces noise in the analysis. In our study, which was originally powered to detect a 15% mortality difference, it thereby improved the statistical power (i.e., the ability to identify a smaller treatment effect when it really exists) (35) . In addition, the observed 9.6% absolute reduction in hospital mortality was consistent with substantial improvement in important clinical outcomes, including reduced short-term organ failure, earlier weaning from the ventilator, and subsequent earlier discharge from the ICU.
Monitoring itself cannot improve outcome; therefore, the therapeutic plan associated with the monitor is equally important. As for all studies investigating efficacy of a treatment algorithm, the effect in this study is the result of the combination of all individual treatment goals and therapy components. The main differences in therapy between the two groups in the treatment period were the administration of more fluids and the increased use of vasodilators in patients assigned to the lactate group. Although goal-directed fluid resuscitation is widely recommended (36) (37) (38) , the use of vasodilators in critically ill patients is controversial (39) . Nevertheless, some studies have suggested beneficial effects of vasodilator therapy in critically ill patients. For instance, in fluid-resuscitated patients with septic shock, administration of nitroglycerin reversed microcirculatory shutdown and shunting (32) . In severe heart failure and cardiogenic shock, nitroglycerin has been shown to improve microcirculatory perfusion (40, 41) . Finally, Buwalda and Ince described positive effects on tissue perfusion and oxygen extraction in addition to microcirculatory recruitment (42) .
Surprisingly, the treatment algorithm of the lactate group did not result in faster reduction of lactate when compared with control group therapy, despite a more aggressive resuscitation in the lactate group. In fact, this observation might actually argue against lactate as a target of hemodynamic therapy. It suggests that hyperlactatemia does not sufficiently reflect tissue hypoperfusion and emphasizes its complicated etiology in critical illness (14, 15) . On the other hand, our study underscored the function of lactate as a warning signal. In the control group the treating clinicians might not have been sufficiently warned that their patients did not improve or even deteriorated in the presence of stable hemodynamic parameters and conventional resuscitation. Also, in the lactate group the availability of lactate levels might have resulted in restricted treatment in selected patients when lactate levels had already decreased sufficiently. In this way, lactate-guided resuscitation potentially made treatment tailor-made to the individual patient.
The early goal-directed therapy study by Rivers and colleagues reported reduced mortality in the treatment group (19) . However, as their study was exclusively done in the emergency department of a single hospital, growing concerns arose about the applicability of this strategy in other settings and other patient groups (43, 44) . The Rivers study was situated in the emergency department where resuscitation was initiated earlier in a population with generally higher lactate levels and lower CVP and Scv O 2 values (45). This probably explains the difference in resuscitation intensity (i.e., difference in fluid administration) between the two studies. Nevertheless, similar to the Rivers study, therapy guided by repeated lactate measurements in our study resulted in an increased use of fluids during the treatment period, whereas during the subsequent observation period a trend toward decreased use of fluids was found when compared with the control group. Our study therefore confirms the early goal-directed therapy study results (19) , underscoring the importance of adequate resuscitation as long as lactate levels remain elevated, even after ICU admission after early stabilization in the emergency department. In addition, our study extends the concept of early goal-directed therapy to other patient groups, as only about 40% of the patients enrolled in the current study had severe sepsis or septic shock.
The treatment effect seemed consistent throughout almost all predefined subgroups, although it might arguably be more pronounced in septic than in nonseptic patients and in severe septic than in septic shock patients. The only predefined subgroup in which mortality did not seem to be lower in the lactate group was the neurological subgroup (i.e., patients with traumatic brain injury, neurovascular conditions, or neuro-oncological conditions). In this particular group of patients, vasodilatation therapy might possibly interfere with optimal targeting of cerebral perfusion. Finally, analogous to previous studies on hemodynamic optimization in high-risk patients (46), the treatment effect seemed larger when patients were admitted to the ICU early before the development of organ failure. However, although subgroup analysis might provide valuable exploratory information and facilitate hypothesis generation, care has to be taken in the interpretation given its well-known limitations, including limited statistical power (47) .
Some methodological aspects are important, particularly regarding the open-label protocol design of this study (48, 49) . First, as blinding of the treatment team in a study like this is impossible, this imposes a risk of bias. However, none of the monitored cointerventions were significantly different between the two groups. Also, the treatment team was practically blinded to treatment assignment after the initial 8-hour period and at discharge to the general ward. Second, the therapy endpoints in the control group have been acknowledged by international guidelines. These endpoints were as often met in the control group as in the lactate group, suggesting no undertreatment in the control group. Additionally, the control group mortality was comparable with the mortality in the pilot study, conducted immediately before the start of the study. However, given that Scv O 2 monitoring was mandatory in the lactate group and facultative in the control group, we cannot exclude the possi- Early intensive care unit (ICU) admission 5 less than 6 hours after hospital admission. Late ICU admission 5 more than 6 hours after ICU admission. P value for interaction according to Breslow-Day test of homogeneity. *P value between neurologic and other nonsepsis. CI 5 confidence interval. bility that this had an impact on the observed outcome difference. Third, an important limitation of the study design is that the observed differences in treatment between the two groups provide only suggestive, and not conclusive, support for a mechanism that is responsible for the clinical outcome benefit. In addition, as the treatment mechanism is determined by the sum of its multiple resuscitation endpoints and treatments, this limits the interpretation of the individual interventions used in the algorithm. For instance, given the debate on the best method to assess fluid responsiveness and adequate endpoints of fluid resuscitation (50, 51) , we have chosen a dynamic approach using central venous pressure (27) , as it was practically most suitable in a multicenter environment within the earliest hours of ICU admission. In addition, this would probably resemble usual care in many ICUs worldwide (52) , enlarging external generalizability of the results.
In summary, in ICU patients with a lactate level at or above 3.0 mEq/L on admission, early monitoring of lactate levels with the added target to reduce levels by 20% per 2 hours on top of currently recommended resuscitation guidelines significantly reduced ICU length of stay. ICU and hospital mortality were significantly reduced when adjusting for predefined risk factors, and as this was consistent with important secondary endpoints, the results of this study suggest that initial lactate monitoring has clinical benefit.
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